INTRODUCTION
Unchecked bacterial invasion of dentine leads to inflammatory pulp disease, root canal infection, and periapical disease. Enterococcus faecalis and Streptococcus mutans play an important role in these outcomes.
E. faecalis is associated with different forms of periradicular disease, including primary endodontic infections and persistent infections [1] . It was found in 24% to 77% of root-filled teeth with periradicular lesions [1-6], while failed endodontic treatment cases are nine times more likely to contain E. faecalis than primary infections [1] . E. faecalis manages to survive in the root canal system in many ways. It shows widespread genetic polymorphisms [7] , it binds to dentin by the secretion of serine protease, gelatinase, and collagen-binding protein (Ace) [8] , its small size enables successful invasion and proliferation within dentinal tubules [9] and it is able to survive for a long time without nutrition [10] S. mutans, being the leading cause of dental caries, is considered to be the most cariogenic of all the oral streptococci. The cariogenicity of this microorganism is based on the metabolism of sucrose, which is a substrate for extracellular and membrane-bound glucosyltransferases and an efficient growth substrate for S. mutans. The abilities of S. mutans to adhere firmly to tooth surfaces in the presence of sucrose and to form acids by fermenting various dietary sugars have been associated with its caries-inducing potential [9, 11, 12] .
There are two possible mechanisms initiating the formation of secondary caries. Firstly, resin polymerisation shrinkage causes gaps between the restoration and the cavity walls that can be colonized by oral microorganisms from saliva [13] [14] [15] . Secondly, incomplete caries removal can be another source of microbes. Although minimally invasive dentistry puts pressure on dentists to avoid cavity over-preparation there are no instruments or materials available that can objectively verify the presence or absence of bacteria in the prepared floor of a cavity [16] [17] [18] . The application of a bonding system with antibacterial activity is a promising solution. Several dentin bonding systems are currently available. The traditional bonding systems demand enamel etching and the application of either a primer and bond (4 th generation) or only a primer/bond (5 th generation). However, the newer generations are self-etch primers/adhesives which no longer demand orthophosphoric acid usage. The sixth generation selfetch adhesives can be either two-step (self-etch primer and bond) or one-step (self-etch adhesive, primer A+B). Procedures all-in-one self-etch adhesives constitute the 7 th and 8 th generations (solvent-free). Since there are many different bonding systems on the market, and companies are still introducing new ones, it is crucial to know which bonding systems possess the best clinical performance. The success rate of such a restorative procedures relies strictly on the antibacterial activity of the bonding system employed.
The purpose of this study was to determine the effect of various bonding systems on Streptococcus mutans and Enterococcus faecalis.
II. Materials and Methods
Eight commercially available bonding systems were investigated (Table 1) .
Agar diffusion assay -glass cylinder
The antibacterial properties of these systems against Streptococcus mutans ATCC 25175 and Enterococcus faecalis ATCC 29212 were determined according to the recommendations of CLSI. Overnight culture of these organism in Brain Heart Infusion Broth (Oxoid) was adjusted to 0.5 turbidity according to the McFarland scale and placed on Mueller-Hinton Agar (Oxoid) plates using sterile swabs. Next, an automatic pipette (Lab Mate) was used to add 6 µl of each bonding system (for a 2-or 3-stage system, each component was added in equal proportions up to 6 µl) to a sterile glass cylinder 10 mm in diameter and 8 mm in height in the agar plate( Fig. 1 ) and polymerized by means of Elipar TM S10 LED Curing Lamp, (3M ESPE) according to the manufacturer's instructions. The plates were incubated at a temperature of 35 o C for 48 hours in an aerobic atmosphere enriched with CO 2 (CO 2 Gen, Oxoid). After incubation, the diameters of the inhibition zones around the cylinders were measured (Fig. 2) . A 0.2% aqueous solution of chlorhexidine was used as a positive control. Each bonding system was examined five times.
Statistical procedures
A statistical analysis was conducted to confirm the statistical significance of any differences,. As the data was unbalanced and abnormally distributed, the non-parametric Kruskal-Wallis rank test was performed, followed by a multiple-comparison test in order to test the differences in pairs. A significance level of p< 0.05 was assumed. In order to estimate any dependence of a bonding system's pH upon the growth arrest area's diameter, a robust regression method was performed.
III. Results
The antibacterial activity of the samples is shown in Figure 3 The antibacterial effect against both Streptococcus mutans and Enterococcus faecalis of the bonding systems tested was inversely proportional to the pH value (statistical significance; p<0.001) (Figs. 4,5) .
IV. Discussion
The agar disk-diffusion test has been widely accepted as a simple screening method to assess the antibacterial properties of dentin bonding systems [18, 19] . After being applied to a disc, the investigated material is placed on agar plates and inoculated with oral bacteria. If the material releases any antibacterial components, an inhibition halo is produced. The strength of antibacterial activity is measured by the diameter of the inhibition zone around the material.
In the present study, a modified agar diffusion method was employed. In this, glass cylinders were used instead of absorbent paper discs to replicate clinical conditions more closely because the application of a two-or more-component bonding system on an absorbent paper disc may lead to the formation of layers in the disc. Moreover, since the penetration of bonding agents is strictly associated with their viscosity [17] , 4 th generation primers and, probably, the 5 th generation bonding systems will penetrate to the full depth of an absorbent paper disc. Cylinders also guarantee a strictly limited and replicable area of material application, allowing direct contact between all the components of the adhesive system and the agar, exactly as in the case of adhesive resin application on the dentine surface. Moreover, although halogen light (and supposedly light from LED source) are incapable of passing through a paper disc impregnated with the adhesive components, this is not the case for cylinders [17] .
The size of the inhibition zone depends on the antibacterial properties of the materials, the quantity used, and the diffusion potential across the culture medium. The greater the quantity and the higher the diffusion potential, the larger the inhibition zones which can be observed. While the quantity of material applied can be easily controlled thanks to use of an automatic pipette, the final result may be influenced by the diffusion potential, as it is closely related to the chemical composition of the tested adhesive. However, as Turkun et al. [19] obtained similar results for both direct inhibition methods (agar well technique, paper disc technique, dentin disc technique) and tooth cavity model technique, it can be speculated that the diffusion potential does not have a major influence on the results of antibacterial properties studies.
Chlorhexidine was chosen as the control in order to make the studies comparable with the research of other authors. A literature review highlights a considerable discrepancy between the antibacterial properties of different adhesive systems. For example AdheSE Primer and Adper Prompt L-Pop showed a higher degree of inhibition for S. mutans than Clearfil Protect Bond Primer and Futurabond NR, but a lower one than Cervitec (1% CHX) [20] . By contrast, Clearfil Protect Bond was found to exhibited the greatest effective antibacterial activity against oral streptococci, promoting inhibition zones significantly higher than those associated with 0.12% chlorhexidine for S. cricetus and S. oralis [21] . This statement is broadly in agreement with the present study (however the difference was not statistically significant) and with other investigations [19, 22, 23] . In our studies, three bonding agents (Heliobond/Syntac Classic, Clearfil Protect Bond and Optibond FL) exhibited no antibacterial activity, which could be due to their high pH value and lack of monomer.
The polymerizable monomer, methacryloyloxydodecylpyridinium bromide (MDPB), a constituent of Primer Clearfil Protect Bond and synthesised from quaternary ammonium, exhibits strong bactericidal activity. Not only can it inactivate the residual bacteria in the cavity, but it can also inhibit the bacteria which invade through microleakage. In other words, antibacterial action takes place both before and after polymerization [24] . This is partially due to the capacity of MDPB to copolymerize with other resin monomers immobilised within the polymer matrix [17] . The MDPB molecule has a special configuration containing a positively-charged pyridinium group which can produce an electrical imbalance in the bacterial cell wall, causing cell wall destruction ultimately leading to bacterial death [25] . According to Imazato et al. [24, 26] unpolymerised MDPB shows strong bactericidal activity and is able to inactivate residual bacteria. Another advantage of MDPB incorporation is increase in the hydrophobicity of the adhesive, which may result in the bonding interface having higher hydrolytic stability [27] . Our study confirms the strong bactericidal activity of the MDPB-containing Primer Clearfil Protect Bond.
Although the bonding agent of Clearfil Protect Bond contains NaF crystals, it exhibits no antibacterial activity. However, both the fluoride-containing One-up Bond F Plus (not photo-activated) and One-up Bond F (light-cured) exhibit a strong antibacterial effect [21, 28] . This difference may be explained by the fact that the fluoride in Clearfil Protect Bond remains incorporated within the polymer matrix after curing, hence preventing fluoride release into solution.
Previously, dentin bonding systems with low pH were reported to have superior antibacterial properties [26, 29] . However, recent studies demonstrate little or no effect of pH value on bacterial growth [18, 30] . In another study, in which Clearfil Protect Bond with and without MDPB was investigated, the authors concluded that the antibacterial effect of Clearfil Protect Bond depends mainly on the presence of MDPB and only slightly on the acidity of the material [31] . However our study does not support their opinion as we found that the antibacterial effect does relay on the pH value.
V. Conclusions
Within the limitations of this in vitro study, the following conclusions can be drawn: 1. Bonding systems possess different degrees of antibacterial activity. 2. Primer Clearfil Protect Bond (against S. mutans) and Syntac Classic (againstE. faecalis) exhibit the best antibacterial activity of all the bonding systems tested. 3. The antibacterial properties of dentin bonding systems depend on their pH value. Fig. 2 Aafter incubation, the diameters of the inhibition zones were measured. CHX=Chlorhexidine. Fig. 3 The antibacterial activity of tested bonding systems. Fig. 4 The dependence of the pH value on an antibacterial activity against Streptococcus mutans.
